Abstract-Cooperation-based wireless network medium access scheme was recently developed to resolve collision and achieve high throughput. The use of either multi-beam adaptive array (MBAA) at a base station/access point or relay selection has been shown effective to enhance network performance. In this paper, we propose an efficient cooperative wireless medium access scheme exploiting MBAA and relay selection. The spatial correlation between nodes is used to detect collision, and every beam formed in each slot is exploited to retrieve packets. We present two efficient relay selection schemes based on channel gain and/or spatial correlation. Significant performance improvement of the proposed protocol and relay selection schemes is demonstrated using simulations.
I. INTRODUCTION
Wireless networks, such as cellular or wireless local area networks (WLANs), are innovated to support higher network throughput to meet the increasing demands for the delivery of multimedia contents. Most multimedia sources are bursty in nature. Conventional fixed channel allocation is inefficient and random access techniques are preferred for such burst-type traffic [1] . Simple random access protocols, such as ALOHA and slotted-ALOHA, offer a straightforward implementation, but they suffer from a severe throughput penalty and underutilization of the channel resources as the result of collision. Therefore, collision resolution mechanisms are developed in an effort to retrieve the collided packets (e.g., [2] - [4] ).
The investigation of collision resolution has been performed from both medium access control (MAC) as well as physical (PHY) layer perspectives. Earlier work assumes a single antenna at a base station/access point (BS/AP), whereas the recent trend is for a BS/AP to use multiple antennas to achieve spatial diversity. In [5] , a single receive antenna scheme, referred to as network-assisted time diversity multiple access (NDMA), was proposed. Unlike classical random access protocols which discard collided packets, NDMA stores collided packets in memory and later combines them with retransmissions initiated during the following time slots. Assuming that the channel states change over the different time slots such that the mixtures received at the receiver can be considered linearly independent, and assuming that the channel coefficients can be estimated using training data, one can stack the multiple mixtures and form a problem resembling a multiple-input This work was supported in part by NSF under grant No. EEC-0332490.
multiple-output (MIMO) system to resolve the original data packets, provided that the equivalent MIMO channel matrix is full rank. To ease the fast time-varying channel assumption, a modification was developed in [6] , where channel coefficients are changed by additional weights in each retransmission. Nevertheless, it remains inefficient when the channels experience deep bursty fading.
ALLIANCES (stands for ALLow Improved Access in the Network via Cooperation and Energy Savings) was recently developed to utilize cooperative diversity in space and time, and thus it can work even in a slow-varying channel environment [7] - [9] . In this scheme, collided packets are buffered and a cooperative transmission epoch (CTE) is triggered once a collision occurs. In each CTE slot sequential to the collided slot, only a relay node, which can be either a source node or a non-source node, is selected by turns to transmit. A source node retransmits the packet it transmitted in the collided slot, whereas a non-source node forwards the collided packets it received in the collided slot. Similar to NDMA, ALLIANCES protocol also forms an equivalent MIMO problem to retrieve the original packets. This scheme maintains the benefits of slotted-ALOHA in the sense that all nodes share access to media resources. It is worth noting that a proper selection of the relay nodes, e.g., based on the location information of each node, can further improve the performance [9] .
ALLIANCES was then extended to exploiting multi-beam adaptive arrays (MBAAs) so as to achieve higher data throughput [8] . An MBAA may concurrently receive data packets from multiple users without collision. In the event of a collision, a reduced number of CTE slots suffices for the BS to collect enough independent equations involving the collided packets to recover the original packets. When an MBAA is used in a BS/AP, the arrival of multiple packets from different source nodes does not necessarily yield collision. A CTE is triggered only when collisions are considered to happen. In [8] , the detection of collision is based on the angle separation of the signal arrivals, and only the beams containing a single user are used in packet recovery.
Ideally, the data received at an M -element array can be used to form up to M independent equations in each time slot. In practice, it is not easy to collect fully independent equations when multiple nodes transmit simultaneously. On the other hand, relay selection in a predefined order or in a random manner cannot make best use of the MBAA. In addition, when angle-of-arrival (AoA) estimation methods (e.g., MUSIC or ESPRIT) are used, even more CTE time slots are needed, because for an M -element array, only up to M −1 users can be effectively received by beamforming [8] .
In this paper, we consider more effective cooperative wireless medium access and relay selections in order to minimize the number of CTE time slots. Several significant changes are made in the modified scheme proposed here. First, spatial correlation coefficient between different nodes, instead of their AoA separation, is used to detect collision. This removes the necessity of AoA estimation so that the number of independent equations to be formed in each time slot is increased from M−1 to M . In addition, it permits flexible treatment in a multipath environment. Second, all the received data, regardless whether they are collided or not, are used in the recovery of data packets. Third, the proposed method makes use of the channel coefficients at the BS/AP to select more suitable relay nodes. Two relay selection schemes are proposed: the first one selects relay nodes based only on the channel coefficient magnitude, whereas the second one further ensures low spatial correlation between the selected channels. The use of spatial signatures, instead of AoAs of the nodes, can effectively exploit the MBAA and allow the consideration of multipath propagation environment. As a result, the duration of CTE can be shortened significantly and the uplink throughput is improved.
II. COOPERATIVE MEDIUM ACCESS PROTOCOL
Assuming that each node can hear from a BS/AP on a control downlink channel. All nodes are synchronized and time is slotted. Every node is equipped with a single antenna, whereas the BS/AP is equipped with an M -element MBAA and may concurrently receive signals from at most M nodes without collisions. All packets have the same length and each requires one time slot for transmission.
Consider that K packets are collided in the nth slot and the packet sent by the i k th node consists of N symbols In the nth slot, the received signal at a non-source node or an MBAA antenna is given by [7] 
where p ∈ D S(n), h i k p is the channel coefficient between the i k th source node and the pth antenna (either on a nonsource node or one of the MBAA antennas), and n p (n) is the additive white gaussian noise (AWGN) vector. Different from the single antenna system [7] , the system with an MBAA triggers the CTE only when the packets cannot be resolved in the collision slot. In [8] , the ESPRIT algorithm was used to estimate the AoAs and generate the optimal weight vectors. The weights are then applied to the stored data and form multiple beams so as to filter out the interferers from different directions. If the AoAs of the incoming packets are closely spaced, some beams may contain multiple packets and yield collision. It is important to note that, in each time slot, only the beams containing a single packet are used to recover the packet [8] .
In practice, angle separation is not necessarily a good measure to determine the spatial dependence (or collision) between two nodes. First, two well separated nodes may have a high spatial correlation if one is close to the position of the other's grating lobe. In addition, when multipath propagation occurs, channels cannot be precisely described solely by the AoAs. In the modified cooperative medium access scheme proposed in this paper, we use generalized spatial signature to describe the spatial characteristics of a node, and the spatial correlation coefficient between two nodes is considered as the decision criterion for the prediction of packet collision and CTE triggering. As such, the new model is also suitable for multipath propagation environment. In addition, with the removal of AoA estimation, the computation cost is reduced, whereas more precise detection of collision can be achieved. More importantly, as we discussed earlier, the suppression of AoA estimation allows us to form up to M independent equations rather than M − 1. Furthermore, in the proposed method, all the beams formed in each slot are exploited during the packet recovery to further reduce the number of CTE slots.
The optimum beamforming weights in the minimum mean square error (MMSE) sense for extracting each packet signal can be approximately obtained with, for example, the direct matrix inversion (DMI) algorithm [12] . For instance, let the optimal weight for the i k th packet signal in the collision slot be w i k (n), the corresponding output of the MBAA can be written as
where
T , and n(n) is the M ×N noise matrix. Furthermore, (·)
T denotes the transpose and (·) H the conjugate transpose. Stacking the K collided packets that are individually received by each beamformer, the
T of the MBAA can be expressed as
, and H(n) = W H (n)H(n) and n(n) = W H (n)n(n) are weighted versions of the channel and noise matrices, respectively. Each channel coefficient can be estimated, for example, through the orthogonal ID sequence that is attached to the beginning of the packet [7] . Consequently, K linear equations are constructed to form a MIMO beamformer. When a certain spatial correlation coefficient between signals is sufficiently high, then H(n) becomes rank-deficient and the corresponding packets cannot be retrieved in the nth slot. In this case, a CTE is triggered.
During each CTE slot, M relay nodes are selected. A relay node can be either a source node or a non-source node. When a source node is selected, it retransmits its own packet previously transmitted at the collision slot. When a non-source node is selected, it forwards the signal mixture it received during the collision slot. In [8] , the relay selection was based on a predefined order. In this paper, relay nodes are selected with the consideration of their channel characteristics. Two schemes are discussed in the next section.
Assume 
where y cu (n) is defined in (1) and n(t) is the AWGN matrix observed at the BS/AP receiver. In addition, σ 2 x is the average power of transmitted symbols, σ 2 h is the variance of channel coefficients, σ 2 n is the variance of AWGN, and
is a scaling constant for power normalization [7] . Furthermore, (4) can be written in a compact matrix form as
where H(t) is the M × K channel matrix with the kth column expressed as c u=1 γ cu h cuD (t)h i k cu (t)+ δ kv h ivD (t), δ kv = 1 if and only if k = v and 0 otherwise, and n (t) = c u=1 γ cu h cuD (t)n cu (n) + n(t) is the combined noise including relay noise and AWGN in the BS/AP receiver.
Similarly, the optimum weights for the i k th packet in the tth slot during the CTE can be obtained as w i k (t), and the corresponding MBAA output is z i k (t) = w
As such, the output matrix of all the MBAA beamformers can be expressed as
Z(t)= H(t)X(n)
H (t)n (t), and W(t)=[w i1 (t), . . . , w iK (t)]. As a result, in each CTE slot, K equations can be obtained in a similar fashion, and an updated version of the weighted channel matrix is achieved by appending the new channel matrix. The CTE continues until the channel matrix H becomes full-rank. Assuming that in total K − 1 slots are proceeded during the CTE. Thus, K K (probably overdetermined) linear equations are collected as Z= HX + n,
where Z, H and n are formed by stacking in a similar manner:
Finally, the collided packets can be retrieved via a maximum likelihood (ML) decoder. The ML approach can fully exploit the cooperative diversity provided by the system and achieve good performance at the expense of high decoding complexity. An alternative suboptimal zero-forcing linear decoder with lower computation cost can also be used as
III. RELAY SELECTION SCHEMES
In the cooperative medium access described in Section II, M relay nodes are selected to forward or retransmit in each CTE slot, providing K additional linear equations. Such procedure proceeds until the channel matrix becomes full rank. Clearly, the BS/AP throughput, defined as the average number of packets that are successfully transmitted in a time slot, can be enhanced by reducing the number of slots during the CTE. An improved relay selection scheme can yield full-rank channel matrix with fewer number of CTE slots. In this section, we proposed two relay selection schemes.
A. Relay Selection Based on Channel Gain
It is observed in (6) that each received symbol may contain two kinds of noise. One is the AWGN in the BS/AP receiver. When non-source nodes relay, another type of noise, namely, relay noise, will also be present at the BS/AP receiver. Relay noise is the AWGN observed at the non-source relay nodes which is delivered to the BS/AP receiver after scaling and amplifications. Therefore, although using non-source nodes may achieve cooperative diversity gain [7] , [9] , they also introduce relay noise as well.
If all the channel coefficients, including that from source nodes to non-source nodes or BS/AP antennas h i k p and that from non-source nodes to BS/AP antennas h i k D , are available, we can select the nodes with high channel gain at a high expense of computation and control overhead. The estimation of channel coefficients from the source nodes to non-source nodes is impractical as the nodes usually cannot afford such capability. Instead, we consider the node selection based only on the uplink channels from node r k ∈ {S(n) S(n)} to the BS/AP, denoted as h r k D (n), k = 1, . . . , J, where J is the total number of nodes in the network. At the beginning of the CTE, a list of relay nodes is formed, by descendly sorting the uplink channel gains, as
where condition h r1D (n) ≥ · · · ≥ h rJ D (n) is satisfied. The relay nodes in the tth slot during the CTE are then taken from L r (n) as {r M (t−1−n)+1 , . . . , r (t−n)M }. The relay list in (9) can be updated periodically. If the channel coefficients during current CTE are unavailable, the most recent relay list is preferably employed. Consequently, the computation load and overhead are significantly reduced through such a simplified consideration at the cost of little performance loss.
B. Relay Selection Based on Channel Gain and Spatial Correlation
Furthermore, the spatial signature of the packet signal can be exploited since the MBAA is used at the BS/AP. An MBAA can steer its main beam toward any direction by adjusting the complex weight in each element. When the array configuration is specified, the beamforming performance of an MBAA is determined by the spatial signatures of the desired signal and the interferers. A high correlation coefficient between the spatial signatures implies high interference between them and will negatively impact the output signal-to-interference-plusnoise ratio (SINR) [10] , [13] . Thus, The spatial correlation coefficient is an appropriate measure of the spatial closeness between two nodes. When the channel coefficients corresponding to nodes i and j are h iD and h jD , respectively, their spatial correlation coefficient is given by
Selection of M relay nodes with low mutual spatial correlation will likely yield enhanced MBAA performance. A more effective approach, however, is to jointly consider the channel gain as well as the spatial correlation coefficients. Denote ρ 0 as the threshold of spatial correlation coefficient, i.e., the maximum correlation coefficient magnitude for two channels to be considered of low correlation. To find the relay node list L r (t) = {r Remarks: i) The last step in this algorithm is designed in the case that channels with spatial correlation lower than ρ 0 are insufficient and thus other high gain channels are borrowed to fill up the deficiency. ii) The algorithm performance is sensitive to the selection of ρ 0 . The relay selection scheme is gradually degenerated to the selection scheme based on high gain channels as a conservative ρ 0 → 1 or an aggressive ρ 0 → 0. iii) It is assumed that each node in the network can act as a relay. In the event of a non-fully connected network, a candidate relay set consisting of only the nodes that are able to relay during the CTE can be generated, and the updated version of this algorithm can be obtained in a straightforward way. iv) Because the stop criterion for the equation collection during the CTE is the full-rank of the weighted channel matrix, the full-rank condition for the channel matrix is another important factor which affects the BS/AP throughput performance. A loose condition seems to shorten the duration of the CTE and thus to amplify the throughput, but it may result in more decoding errors and in return reduce the throughput. On the other hand, a strict condition may lead to collected redundant equations and prolonged duration of the CTE and thus it decreases the throughput.
It is noted that, to select relay nodes with high channel gain and low spatial correlation as proposed in this paper, it requires channel information of all the nodes to be estimated at the BS/AP. This introduces an additional overhead to be periodically inserted for all the nodes in the network to transmit their orthogonal ID sequence. This additional burden is considered negligible, however, compared to the advantages we achieve through the use of the proposed schemes, particularly when the channels does not vary too fast.
IV. SIMULATION RESULTS
In this section, simulation results are provided to demonstrate the performance of the modified cooperative medium access protocol and the relay selection schemes.
For fair comparison, we establish a simulation environment similar as that used in [8] . Assume that the total number of nodes in the network is J = 32. A Bernoulli model is used to generate active nodes under a certain traffic load λ. Every node is statistically independent and transmits its packet with probability λ/J in each random trial. The packets received at the BS/AP with bit error rate (BER) higher than P e =0.02 are considered corrupted. All transmitted packets are viewed lost if the identification (ID) of the active nodes is wrong during the collision slot. The nodes' ID sequences are selected based on Hadamard matrix of order J. The packet length is fixed to N = 424 bits (equal to the length of an ATM cell) and the QPSK modulation is used. Zero-forcing decoding is employed. All wireless channels have unit variance and are simulated using the Jake's model [14] , and the input signalto-noise ratio (SNR) at each receive antenna is 20 dB. The carrier frequency is 5.2 GHz, and the doppler frequency shift is f d = 52 Hz, corresponding to a vehicle speed of v = 3 m/s.
It is considered that the BS/AP is equipped with a ULA consisting of four elements at a half-wavelength spacing. All AoAs at the BS/AP are uniformly distributed. Additionally, we consider the full-rank condition of the weighted channel matrix as that all singular values of the channel matrix are above 0.05.
In the original scheme [8] , only those beams containing a single packet are used to recover the packet and the maximum number of both successful beams in the collision slot, and the number of relay nodes in each CTE slot is confined to M−1. In the modified scheme described in section II, we have indicated that all the beams formed in both the collision and CTE slots are exploited to recover the packets, and up to M relay nodes are used in each CTE slot. Comparison of the throughput between the original and the modified schemes without relay selection is illustrated in Fig. 1 . It is shown that, by using M relay nodes instead of M −1 ones as in the original scheme, the throughput can be significantly enhanced. The maximum throughput is increased from 1.5 to 1.8, and the throughput enhancement maintains approximately 0.4 for a high traffic load. Compared to the original scheme, the proposed scheme increases the throughput even only M−1 relays are considered in each CTE slot. The impact of using M relays instead of M −1 ones is even more significant. In this case, the maximum throughput becomes higher than 2.0. When the traffic load is high, the throughput increment over the original scheme is about 0.7.
Throughput comparison of the modified medium access with and without relay selection schemes is shown in Fig.  2 , where the correlation threshold is set as ρ 0 = 0.5. For the purpose of comparison, the throughput of the original scheme is also plotted. For the modified scheme, when the relay nodes with high gain channels are selected, the throughput is slightly increased from the case where relay nodes are selected by turns [8] , where nodes with low channel gain as well as high spatial correlation channels may be chosen to act as relays. Such nodes are unlikely be selected in the proposed scheme when the channel gain is considered in the relay selection. Consequently, the benefit of considering the spatial correlation is not fully taken. As expected, the relay selection based on both high gain channels and low spatial correlation provides the best throughput performance among those compared here, since the shortcoming of the channel gain-based relay selection has been completely eliminated. In this case, the throughput reaches the maximum value of 2.4 when the corresponding traffic load is approximately 6.5. Compared to the original scheme [8] , the maximum throughput with the optimal relay selection scheme proposed in this paper is increased by 60%. At a relatively high traffic load, such throughput improvement becomes more significant. For example, when the traffic load is 10, the increase becomes 125%.
More importantly, the decreasing rate of the throughput as the traffic load increases is dramatically reduced when the relay nodes are selected based on both channel gain and spatial correlation, and it depends decisively on the occurrence probability of highly correlated nodes.
V. CONCLUSIONS
In this paper, a modified cooperative medium access protocol with the use of multiple-beam adaptive arrays (MBAAs) was proposed. In the proposed scheme, all the beams formed in the collision slot as well as the cooperative transmission epoch (CTE) slots are exploited to retrieve the packets, and the number of relays in each CTE slot can be up to the number of antennas at the base station/access point (BS/AP). Spatial signature-based, instead of angle-of-arrivals (AOAs)-based, collision detection was used. Furthermore, we have developed two relay selection schemes. One is to choose relay nodes with high channel gain to the BS/AP antennas, whereas the other further ensures that the selected relay nodes have low spatial correlation coefficients. Simulation results demonstrated the high throughput performance of the proposed protocol and benefits due to the use of the relay selection schemes. The throughput improvement is more significant when the network has a high load.
